Background
==========

Abdominoperineal resection with the creation of a permanent stoma is commonly used for low rectal and anal canal cancers located extremely near the anus. These malignancies were associated with lymph node metastasis along the anal levator muscle or in fatty tissue of the ischiorectal fossa \[[@b1-medscimonit-20-752]\]. Technically, it was difficult to preserve the anus, and anal function was destroyed after removal of the sphincter muscle \[[@b2-medscimonit-20-752]\]. This procedure caused inconvenience and prodigious mental stress, which was unacceptable to patients \[[@b3-medscimonit-20-752]\]. On the contrary, constructing a new anal sphincter with normal defecatory function would be more appropriate \[[@b4-medscimonit-20-752]\].

Several types of muscles have been transplanted to reconstruct an external anal sphincter to recover or improve anal defecation control \[[@b5-medscimonit-20-752]\]. Among these, the gracilis is one of the most extensively used muscles \[[@b5-medscimonit-20-752]\]. The gracilis is located in the femoribus internus and includes many congenerous muscles \[[@b6-medscimonit-20-752]\] that have strong tensile force and muscular tension, and includes a long blood vessel and neural stalk. The gracilis could be excised easily due to its anatomical position and was extensively used as a graft in reconstructive surgery \[[@b7-medscimonit-20-752]\], although an excised gracilis may weaken the function of the thigh \[[@b8-medscimonit-20-752]\]. Since 1986, dynamic graciloplasties (DGPs) have been performed to solve end-stage fecal incontinence \[[@b9-medscimonit-20-752]\]. Dynamic gracilis transferred anoplasty was the focal point of anal reconstruction after Mile's operation for rectum carcinoma \[[@b10-medscimonit-20-752],[@b11-medscimonit-20-752]\]. In addition, successful reconstruction of pelvic and perineal defects using bilateral pedicled gracilis, together with inferiorly based rectus abdominal muscle flaps, was reported in a patient with abdominoperineal resection of advanced perineal adenocarcinoma \[[@b12-medscimonit-20-752]\].

While the gracilis and external anal sphincter are striated muscles, the gracilis is made of type II fibers that have low ability to persistently contract and low fatigue resistance. Therefore, the outcome of direct transplantation of the muscles to reconstruct the external anal sphincter may not be the best option. The gracilis with crushed nerves and divested epimysium under the temporary condition of denervation are considered as innervation of the outside nerves and, through the neural regeneration, resulted in double innervations. The nerves from the external anal sphincter affected metabolism of the gracilis, resulting in improvement in persistent contraction and fatigue resistance. Furthermore, neural regeneration could decrease the extent of atrophy, thereby reducing the fibrotic changes in the muscle \[[@b13-medscimonit-20-752]\]. Through the direct contact of the transplanted muscle with the smooth muscle, their myoelectricity interacts with each other; thus, the gracilis is more suitable for the alternative function of neosphincter. The external sphincteroplasty reconstruction by transferred gracilis with crushed nerve and intact blood vessels has been reported to cure pediatric fecal incontinence \[[@b13-medscimonit-20-752]\]. However, this has not been used in anus reconstruction after Mile's operation for rectum carcinoma.

In this study, we demonstrated that pressing the dominant nerve of the peroneus longus made of type II fibers in Sprague-Dawley rats were doubly innervated with slow nerves from the soleus and its own. Through the changes in peroneus longus contractility and fiber types, we tested whether the gracilis with nerve pressing and remaining blood supply could be transplanted to reconstruct the external anal sphincter after Mile's operation due to rectum carcinoma.

Material and Methods
====================

Animals and reagents
--------------------

Male Sprague-Dawley (SD) rats weighing 200--250 g were provided by the Animal Center of Xian Jiaotong University College of Medicine (Xian, China). All animal experiments were conducted in accordance with international ethics guidelines. The housing temperature was maintained at 23--25°C, and the humidity was 30--50%. The animal use and care protocols were reviewed and approved by the Animal Use Ethics Committee at Xian Jiaotong University. ATPase was purchased from Sigma (St. Louis, MO). The BioLab-420 type biological function analysis instrument was purchased from Chengdu Taimen Co. (Chengdu, China).

Experimental design and surgical procedure
------------------------------------------

The rats were randomly divided into 4 groups (12 per group): the sham-operated group, the peroneus longus double innervation group, the peroneus longus temporary denervation group, and the peroneus longus denervation group.

In the peroneus longus double innervation group, the rat superficial peroneal nerve was pressed so that the peroneus longus temporarily lost its innervations. The end point of the soleus was cut off and the epimysium of the contact surfaces of the soleus and the peroneus longus were sutured. The rats were anesthetized with chloral hydrate (10 mg/kg) through intraperitoneal (I.P.) injection. While the rats were placed in the prone position, a longitudinal incision was made in the fossa poplitea skin of the right lower limb. The soleus, peroneus longus, and superficial peroneal nerve were exposed. At 3 mm of the upper access into the peroneus longus, 3 points of the nerve spacing of 2 mm were pressed with mosquito forceps for 5 seconds. There was no reaction when stimulated with acupuncture anesthesia apparatus, thus, the peroneus longus temporarily lost its innervation. The upper part of the pressed nerve was marked with filament thread. The epimysium between the soleus and peroneus longus was then divested carefully. The end point of soleus was cut off and soleus was drawn close to the peroneus longus; the contact surface of the soleus and peroneus longus was approximately 0.5×1 cm. The anterior and posterior epimysium of the contact surfaces of the 2 muscles were sutured intermittently. The blood supply of the muscles was carefully maintained during the procedure.

In the peroneus longus temporary denervation group, the rat superficial peroneal nerve was pressed the same as that in the double innervation group. However, the end point of the soleus was not cut off, so that the epimysium between soleus and peroneus longus remained intact. The anterior and posterior epimysium of the contact surface of the 2 muscles was not sutured. In the peroneus longus denervation group, the operation was the same as in the double innervation group, but the superficial peroneal nerve innervating the peroneus longus was cut off completely. For the sham-operated group, the procedure was the same, but without interruption of the nerve and blood supply of the muscle.

General observations
--------------------

Five months after the procedures, the rats were anesthetized and constrained in the prone position. Through the original incision, the proximal end of the pressed nerve was exposed. The general appearance of the nerves of the soleus and peroneus longus and the degree of muscular atrophy of the peroneus longus were observed. The proximal end of the pressed peroneus longus nerve and the nerve of the soleus were stimulated with acupuncture anesthesia apparatus to measure the contraction of the peroneus longus.

Muscle contractility
--------------------

Muscle contractility was recorded as described in other reports \[[@b14-medscimonit-20-752],[@b15-medscimonit-20-752]\] with some modifications. Briefly, the right lower limb sciatic nerve-peroneus longus specimen was prepared so that only the sciatic nerve and peroneus longus remained. The end of the peroneus longus was tied with a string 10 cm in length and the other end of the string was attached to the bar of the transducer fixed to the bracket. The sciatic nerve was stimulated with a stimulating electrode. The wave form of the muscle contractility was recorded by the BioLab-420 type myograph system The maximum stimulus intensity was found under single stimulus with a wave width of 0.2 ms. The single twitch contraction, maximal contraction, and maximal relaxation time of the muscle were recorded. The minimum frequency of stimulation causing muscle tetanus was then calculated via a computer-based system (1000 stimulations/maximal contraction time). The tetanus contraction was induced and maximal contraction time was recorded at 2 and 5 times the maximal stimulus intensity of a single stimulation with the wave of 0.2 ms.

Histological analysis
---------------------

The peroneus longus was removed quickly, blotted with filter paper (2-mm thick, Sigma, St. Louis, MO), frozen in liquid nitrogen, followed by slicing it into 10-μm-thick frozen sections. The myosin ATPase staining was performed as described by others \[[@b16-medscimonit-20-752],[@b17-medscimonit-20-752]\]. Briefly, the frozen sections were incubated with the ATPase incubation buffer at 37°C for 1.5 h, followed by 1% CaCl~2~ and 2% CoCl~2~ for 6 min. After washing, the sections were immerged in diluted ammonium sulfide for 15 sec and washed for 5 min. After the sections were dehydrated, cleared, and mounted onto the slides, the histology of rat peroneus longus were observed under a microscope at 200× magnification.

Statistical analysis
--------------------

The experimental data are expressed as mean ±SD. Two-way analysis of variance (ANOVA) with Dunnett's post-test was used for comparisons among various treatment groups. A P value of less than 0.05 was considered as a statistical significant difference.

Results
=======

Model development and clinical observations
-------------------------------------------

Among rat groups, 2 rats in the double innervation group died of complications unrelated to the operation; 5 rats scarred in the position of suturing so that the peroneus longus had no reaction when stimulated by the acupuncture anaesthesia apparatus; and 2 rats had dehiscence in the suture site. Unlike in the sham-operated group, atrophy of the peroneus longus to various degrees was found in all 3 of the other groups. The muscular atrophy in the double innervation and temporary denervation groups was much less than that in the denervation group. There was no difference between the double innervation and temporary denervation groups.

The nerve was stimulated by an acupuncture anaesthesia apparatus with the same intensity as in the first procedure. The peroneus longus in the double innervation group contracted when pressed and superficial peroneal and soleus nerves were stimulated. In the temporary denervation group, the peroneus longus showed contraction when the superficial peroneal longus nerve, but not soleus nerve, was stimulated. The muscle of the denervation group contracted when the soleus nerve alone was stimulated. The muscle of the sham-operated group could be contracted by stimulating the peroneus longus nerve only. These results indicate that the peroneus longus in the double innervation group was innervated by its own nerve and the nerve from the soleus. The peroneus in the temporary denervation group was innervated by its own nerves only, and the peroneus in the denervation group was innervated only by nerves from the soleus. The peroneus not controlled by its own nerve increased the extent of the muscular atrophy.

The contractility of the peroneus longus
----------------------------------------

The contraction forces of the peroneus longus in the denervation group at the single twitch and complete tetanus was smaller than in the sham group, and the maximal contraction and relaxation time were longer than in the sham group, indicating that the denervation significantly reduced the contraction function of muscle (P\<0.01) ([Table 1](#t1-medscimonit-20-752){ref-type="table"}). The contraction forces of the peroneus longus in the double innervation group at the single twitch and complete tetanus were larger than in denervation, and there was no significant difference in contraction force between the double innervation and the sham groups (P\>0.05), suggesting that the double innervation improved the contraction function of the denervated peroneus longus. The contraction forces in the temporary denervation group were lower than in the double innervation group (P\<0.01).

The maximal contraction and relaxation time in the double innervation group increased significantly compared to that in the temporary denervation and the sham-operated groups (P\<0.01), but no statistically significant difference was observed between the denervation and the double innervation groups (P\>0.05) at the single twitch. However, the maximal contraction time in the double innervation group decreased significantly compared to that in the denervation group (P\<0.01), but there was no statistically significant difference between the double innervation and the temporary denervation groups (P\>0.05). These results indicate that the resistance to fatigue in the peroneus longus innervated by its own nerve and nerves from the soleus in the double innervation group was increased without decreasing its strength. The fatigue resistance of the peroneus longus innervated by nerves from the soleus alone in the denervation group was increased, but its strength was decreased. Both the fatigue resistance and strength of the peroneus longus innervated by its own nerves in the temporary denervation group were decreased.

Histology of the peroneus longus
--------------------------------

The percentage of type I fibers of the peroneus longus in the double innervation group ([Figure 1A](#f1-medscimonit-20-752){ref-type="fig"}) increased remarkably as compared to that in the sham group ([Figure 1B](#f1-medscimonit-20-752){ref-type="fig"}). The ratio of type I/II fibers of the peroneus longus in the double innervation group was greater than in the temporary denervation and control groups (P\<0.01), but was not significantly different from in the denervation group (P\>0.05) ([Table 2](#t2-medscimonit-20-752){ref-type="table"}). The ratio of type I to type II fibers of the peroneus longus in the denervation group was greater than that in the temporary denervation and control groups (P\<0.01). However, the ratio of type I to type II fibers of the peroneus longus in the temporary denervation group had no statistically significant difference compared to the control group (P\>0.05). These results indicate that the percentage of type I fibers of the peroneus longus innervated by nerve from soleus in the double innervation and the denervation groups were increased.

Discussion
==========

The organization of mammalian skeletal muscles can be divided into 2 categories: type I fiber that can contract quickly but becomes fatigued easily and type II fiber that contracts slowly but does not easily become fatigued \[[@b18-medscimonit-20-752],[@b19-medscimonit-20-752]\]. The skeletal muscles are mainly innervated by their own nerves, but can also accept the innervation of other nerves under certain conditions \[[@b20-medscimonit-20-752],[@b21-medscimonit-20-752]\]. In our study, through the nerve being crushed or mutilated, the peroneus longus made of type II fibers lose its innervation temporarily or permanently, thus, it could be innervated by slow nerves made of type I fibers from the soleus. We found that the peroneus longus with nerve crushed could be innervated by slow nerves from the soleus. The peroneus longus could also be innervated by its own nerves through neural regeneration. Through dual innervation by fast and slow muscle nerves, the percentage of type I fibers of the peroneus longus was noticeably increased. Accordingly, the maximal contraction and relaxation time of a single twitch and complete tetanus were increased. Innervation by its own nerve caused a decrease in extent of atrophy, and increase in its contraction force. Although the nerve was completely mutilated, the peroneus longus could also be innervated by nerves from the soleus. The percentage of type I fibers increased and the fatigue resistance improved to almost the same levels of that of crushed nerve. Importantly, because of losing the innervation by its own nerve, the atrophy of the muscle was more apparent and the contraction force was decreased. Only crushed the nerve but the epimysium between soleus and peroneus longus remained intact, the peroneus longus could be innervated again by its own nerve through neural regeneration. However, the percentage of type I fibers was not increased and fatigue resistance was not improved. Our data indicate that, compared to innervations only of the gracilis nerve, crushing the nerve and double innervations appeared to be better models to optimize the experimental outcomes.

Conclusions
===========

Our results show that the percentage of type I fibers of the peroneus longus doubly innervated was increased from 25% to 42%, and its contraction force was slightly decreased compared to that in the control group. However, there was a tendency toward decreased force of contraction. The main reason for this might be that the contact surface of the peroneus longus and soleus was small (0.5×1 cm). In our study, increases in the contact surface of the peroneus longus and soleus could influence the blood supply of the muscle. The gracilis has a long blood vessel, thus, if transferred to establish the external anal sphincter, the contact surface can be as large as possible. Although the transformation efficiency of the fiber types was relatively low in our study, the increased contractility of the peroneus longus supports the notion that fiber types were certainly transformed with different functions.

In this *in vivo* rat study, we demonstrated that, through double innervation by fast and slow muscle nerves, the peroneus longus fibers underwent adaptive changes and showed improved fatigue resistance. After the gracilis with the crushed nerve and the remaining blood supply was transferred to establish the external anal sphincter, the gracilis could also develop adaptive changes and improved fatigue resistance, making it more suitable for the alternative function of neosphincter. Further studies need to be done to further confirm this. More importantly, our results suggest the feasibility of potential clinical applications in transferring the gracilis with crushed nerve and intact blood supply to establish external sphincteroplasty after Mile's operation, which may help to restore and sustain continence, with improvement in the quality of life in patients with rectal carcinoma.
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![The histology of rat peroneus longus after crushing the nerve. The rat peroneus longus was obtained and sliced into 10-μm-thick frozen sections. The frozen sections were then incubated with the ATPase buffer at 37°C for 1.5 h, followed by incubating with 1% CaCl~2~ and 2% CoCl~2~ for 6 min. After washing, the sections were immerged in diluted ammonium sulfide and dehydrated, cleared, and mounted onto the slides. Histology of rat peroneus longus were observed under a microscope at 200× magnification. (**A**) The cross section of peroneus longus in the sham group indicated type I fibers were stained 25% of all the fibers, and type II fibers trachychromatic hold 75% of all. (**B**) The cross section of peroneus longus in the peroneus longus after cushing the nerve showed that the stained type I fibers were increased to 45%, while the trachychromatic type II fibers decreased to 55% of all fibers.](medscimonit-20-752-g001){#f1-medscimonit-20-752}

###### 

The contractility changes of the double innervating peroneus longus by stimulating sciatic nerve with a single twitch and tetanus stimulus.

  Groups                  n    Single twitch                                                                                                     Tetanus                                                                                                                                                                                                                                       
  ----------------------- ---- ----------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------
  Sham control            12   14.34±3.84[a](#tfn2-medscimonit-20-752){ref-type="table-fn"}                                                      0.11±0.02[a](#tfn2-medscimonit-20-752){ref-type="table-fn"}   0.20±0.04[a](#tfn2-medscimonit-20-752){ref-type="table-fn"}   22.80±5.27[a](#tfn2-medscimonit-20-752){ref-type="table-fn"}                                                      4.46±2.13[a](#tfn2-medscimonit-20-752){ref-type="table-fn"}
  Denervation             9    3.15±0.74                                                                                                         0.17±0.02                                                     0.28±0.06                                                     5.27±2.12                                                                                                         7.38±2.07
  Double innervation      8    12.88±3.54[a](#tfn2-medscimonit-20-752){ref-type="table-fn"},[b](#tfn3-medscimonit-20-752){ref-type="table-fn"}   0.18±0.04[b](#tfn3-medscimonit-20-752){ref-type="table-fn"}   0.32±0.08[b](#tfn3-medscimonit-20-752){ref-type="table-fn"}   18.78±4.38[a](#tfn2-medscimonit-20-752){ref-type="table-fn"},[b](#tfn3-medscimonit-20-752){ref-type="table-fn"}   5.42±1.84[a](#tfn2-medscimonit-20-752){ref-type="table-fn"}
  Temporary denervation   10   8.72±2.68[a](#tfn2-medscimonit-20-752){ref-type="table-fn"}                                                       0.11±0.01                                                     0.21±0.04                                                     10.04±3.24[a](#tfn2-medscimonit-20-752){ref-type="table-fn"}                                                      4.24±2.07

Data are expressed as mean ±SD of each group,

indicates significant difference as compared to the denervation group (P\<0.01);

indicates significant difference as compared to the temporary denervation group (P\<0.01).

###### 

The changes in the fiber types of the peroneus longus muscle.

  Groups                  n    The percentage of type I fibers (%)                      The percentage of type II fibers (%)
  ----------------------- ---- -------------------------------------------------------- --------------------------------------------------------
  Sham control            12   23±2                                                     77±2
  Double innervation      8    42±5[a](#tfn5-medscimonit-20-752){ref-type="table-fn"}   58±5[a](#tfn5-medscimonit-20-752){ref-type="table-fn"}
  Temporary denervation   10   25±3                                                     75±3
  Denervation             9    44±3[a](#tfn5-medscimonit-20-752){ref-type="table-fn"}   56±3[a](#tfn5-medscimonit-20-752){ref-type="table-fn"}

Data are expressed as mean ±SD of each group.

indicates significant difference as compared to the sham control and the temporary denervation groups (P\<0.01).
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